With the rapid worldwide urbanization, the environment quality has been worsening dramatically. It is a solid fact that the urban air temperature is gradually rising in all cities and some effective measures are needed to mitigate it. Planting of vegetation is one of the main strategies to regulate urban microclimate and mitigate the urban heat island (UHI). This paper aims to investigate the effect of tree community, mainly through shading, on the improvement of microclimatic conditions in urban areas, specifically, in the case of Beijing Olympic Forestry Park in Beijing, China. The microclimate characteristics of different communities were analyzed, and the discomfort index (DI) was introduced to evaluate the effects of different tree communities on human body′s comfortable degree. The results showed that there existed significant differences in the air temperature, relative humidity and light intensity between tree communities and the control open space site (CK). Compared with CK, the tree communities can decrease temperature by 1.6～2.5℃，increase the humidity with 2.9%～5.2%. The differences of DI among tree communities and CK are not significant, however, compared to the CK, all species communities are able to reduce the diurnal mean DI in some degree. Correlation analysis between microclimate factors and the indices of the tree communities canopy structural characteristics show that canopy characteristics play important regulatory role in microclimate and DI degree. The intention of this work is to provide more basic and solid information to aid human′s understanding the role of plant on mitigation of the urban heat island, and specifically, to aid efforts to improve the environment of Beijing through better planning and the appropriate choice of plant species used for landscape design, and for references of other cities that have similar climatic characteristics as well.
Introduction
Following 30 years of reform and opening-up, the urban area of Beijing has expanded greatly. Formerly within the confines of the 2nd Ring Road and the 3rd Ring Road, the urban area of Beijing is now pushing at the limits of the recently constructed 5th Ring Road and 6th Ring Road, with many areas that were previously farmland now being residential or commercial districts. According to the Beijing Municipal Bureau of Statistics (2011), about 19.61 million people lived in Beijing at the end of 2010 [1] . Beijing has one of the highest urban population densities in the world. It is well known that the rapid urbanization and city sprawl significantly changes the climate of the city and surrounding areas. The increase in the impervious portion of the ground surface, loss of vegetation, together with anthropogenic heat released from industry and human activity make the air temperature in the urban area significantly higher than that in the surrounding rural areas, causing the so called 'urban heat island' [2] [3] [4] . UHI has significant negative effects on the buildings energy consumption, outdoor air quality, and habitability of cities [5] [6] [7] [8] . In order to increase the quality of life in urban areas, mitigation of the effects of UHI becomes a top priority for urban governments, researchers and the general public.
Among all cooling measures, planting of vegetation is one of the most effective strategies to mitigate the UHI effect. Vegetation can mitigate UHI directly through the shading of other heat absorbing surfaces and indirectly by evapotranspiration, in which heat in the surrounding environment is converted to latent heat thereby lowering neighborhood temperature [9] [10] [11] [12] . Many studies have been conducted to measure and evaluate vegetation in regulating the microclimatic performance of urban environments [10] [11] , adapting patterns to climate change [12] , reducing energy use [8] , and improving people's thermal comfort [13] [14] in public green areas. Most of these studies verified the cooling effect of urban green spaces. The air temperature in the shade of trees was reported to be lower by 0.3-1.0℃ [15] , 0.64-2.52℃ [11] up to 3.1℃ than areas with no trees. It is argued that the cooling effect in small green areas is mainly due to shading [17] . Previous studies have also found that vegetation cover and composition influence urban microclimate characteristics, such as air temperature , light intensity and relative humidity [18] .
Although the general relationship between urban forests and urban heat reduction are documented, there has been little quantification of the specific relationship between tree canopy characteristics and microclimate. To fill this gap in our knowledge about the cooling mechanism of tree communities，the major objective of this research were to: 1) analyse the microclimatic patterns of different tree communities during the daytime; 2) compare the cooling effect of different tree communities; and 3) evaluate the ability of percent tree cover and LAI to explain the variation among different tree communities. This research was also initiated with the practical objective of providing more basic and solid information to aid human′s understanding the role of plant on mitigation of the UHI, and specifically, to aid efforts to improve the enviroment of Beijing through better planning and the appropriate choice of plant species used for landscape design, and for references of other cities that have similar climatic characteristics as well.
Methodology

Study area and site selection
Beijing (39°56′N, 116°20′E) is the capital of China, and is situated on the northern edge of the North China Plain. The total area is 16,808 km 2 , and the total population is 19,610,000. The administration area is composed of four city districts, four suburb districts and two outer suburbs, as well as 8 rural counties. Traditionally, the four city districts (Xuanwu, Xicheng, Chongwen, and Dongcheng) plus parts of four suburban districts (Haidian, Shijingshan, Fengtai and Chaoyang) are viewed as the central city. The area of the central city is about 300 km 2 . The climate of Beijing is a rather dry, monsoon influenced humid continental climate, characterized by hot, humid summers due to the East Asian monsoon, and generally cold, windy, dry winters that influenced by the vast Siberian anticyclone. The four seasons are quite distinct. January is the coldest month with mean air temperature below -3.7℃, while July is the hottest month with mean air temperature over 26.2 ℃. The annual average temperature is 12.3℃, with an average precipitation of 630mm / year, about 70% of which is concentrated in July and August. The main wind direction is from southeast to northeast in summer, and the reverse during winter.
This study was conducted in Beijing Olympic Forestry Park, which is in the northern part of the city and surrounded by residential and commercial buildings. The park covers 680 ha; about 70% of the total area is green area and 10% is water area. The location of the tree communities was selected to avoid hypsometric difference or great distances between them and changes in the microclimate from the effect of other exogenic factors. Besides, from each species of tree examined, we chose trees that had similar or common general characteristics. This means that they had approximately the same diameter at breast height (DBH). Table 1 presents the average values of the trees' characteristics. 
Study parameters
Because the aim of this work is the improvement of the urban microclimate in Beijing, we first had to determine the values of the following parameters that were used in the present work: (1) tree species, (2) community canopy parameters (include LAI and canopy cover), (3) air temperature, (4) relative humidity, H. Yan 
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(5) light intensity, (6) discomfort index, (7) the percentage reduction of the air temperature, light intensity and DI in the communities compared with the control open site without shading provided by trees.
Measurement of microclimatic parameters
Microclimatic parameters measurements in tree communities and the control open site (unshaded during the daytime) were measured once every two hours from 8:00 to 20:00 every day and continuously three days in July 2010. The measurements did not take place on days when the sky was cloudy or there was great wind speed. For each tree community, five microclimatic parameters measurements were taken: one in the community center and four readings in the cardinal directions at a distance of 5 m from the center point of each. The measurements were taken at 1.5m above the ground, which is approximately the level where a person of mean height breathes in. Air temperature and relative humidity measurements were taken with the Testo 610 humidity temperature meter. Light intensity measurements were taken with the TES-1332A digital light meter. At each measurement point, we waited until the wind speed slowed below 2 m/s and wait for an additional few minutes for the temperature measurement to stabilize before taking the air temperature and relative humidity measurements.
All the tree species that have been measured were local species that are mainly used along roads and in parks of the city. It has been given below some specific information as: (1) diameter at breast height of the trees, (2) height of the trees, (3) leaf area index of the tree communities, and (4) canopy coverage that are measured.
Thermal comfort index
In this study, the discomfort index (DI), an index suitable for urban outdoor spaces, was used to quantify the level of thermal comfort. It is calculated as a combination of air temperature and humidity and describes the degree of thermal load under various meteorological condition:
Where Tair is the air temperature (℃), RH is the relative humidity ( %). The use of the DI represents the feeling of discomfort that certain, a few or many people of a group express when they find themselves in a certain area. To estimate the feeling of discomfort, certain limits were determined, which are showed in table 2. 
Data process and analysis
Due to the difference in weather conditions, the use of difference in the parameters that were studied is not possible to present a statistically acceptable result. Therefore, we believed that it was necessary to study the difference percentage of the variation in the relevant parameter. The difference percentage is calculated as follows:
where dTair% is the reduction percentage of air temperature in the tree communities, dTairsun is the air temperature value in the control open site, Tairsh is the air temperature value in the tree community; dRH% is the increase percentage of the relative humidity, RHsh is the relative humidity value in the tree community, RHsun is the relative humidity value in the control open site; dL% is the reduction percentage of light intensity, Lsun is the light intensity in the control open site, Lsh is the light intensity in the tree community.
Also we calculated the percentage reduction of DI that is achieved in the shade of each tree communities compared with the control open site without of trees. This value is termed dDI%, which is calculated from the relations:
where dDI% is the reduction percentage of DI in the tree communities, Disun is the DI in the control open site, Tairsh is the DI in the tree community.
Statistical analysis was used to evaluate the importance of the results obtained in this research. In order to investigated whether there were statistically significant differences between the means of measurements in different communities microclimate conditions, we used one-way analysis of variance to examine differences between temperature, relative humidity, light intensity and DI in the different microclimate. Simple correlation analysis was also performed. Statistical analysis were performed by running the SPSS/PC + software package (SPSS, Inc.) on a personal computer. P values of less than 0.05 were regarded as statistically significant.
Results and discussion
Quantitative analysis of microclimatic characteristics
 Air temperature Figure 1 provides a clear indication of the diurnal change of air temperature in different microenvironments. During the daytime, the control open site have higher air temperature, since it was located at open area without shading provided by tree communities. The values of temperature measured in the tree communities are lower in all cases than that of sunlit open area, with a mean reduction of 2.0℃. The communities covered with less dense (Populus nigra var. italica) and dense (Koelreuteria paniculata) tree canopies have, on average, 1.6℃and 2.5℃ lower air temperatures than the case without trees, respectively.
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The results of analysis of variance revealed that there were significant differences in the value of mean air temperature under different tree communities (ANOVA post hoc Turkey HSD, all p < 0.01). In other words, there were quantitative differences in cooling effect of eight species of trees. In general, the mean air temperature of these eight species complied with the order during the daytime: Populus nigra var. italica\Pinus tabulaeformis ＞ Salix matsudana ＞ Fraxinus chinensis ＞ Ginkgo biloba ＞ Robinia pseudoacacia＞Populus tomentosa＞Koelreuteria paniculata (Table 3 Figure 2 indicated the diurnal change of air relative humidity in different communities. Relative humidity at the control open site averaged 53.2% and ranged from 43.6% to 66.8%. The values of relative humidity measured in the tree communities are higher in all cases than that of the control open area, with a mean increase of 4.3%. The results of analysis of variance revealed that there were significant differences in the value of mean relative humidity under different tree communities (ANOVA post hoc Turkey HSD, all p < 0.01). In general, the mean relative humidity of these eight species complied with the order during the daytime: Koelreuteria paniculata ＞ Ginkgo biloba/ Populus tomentosa ＞ Robinia pseudoacacia ＞ Salix matsudana ＞ Pinus tabulaeformis ＞ Populus nigra var. italica ＞ Fraxinus chinensis (Table 3) . The results of analysis of variance revealed that there were significant differences in the magnitude of shading under different tree communities. That is to say, there were quantitative differences in shading effect of eight species of trees. The eight species could be separated into four groups according to their effectiveness of shading by post hoc Turkey HSD test at P < 0.01. Robinia pseudoacacia, Koelreuteria paniculata and Populus tomentosa were the most effective, whereas Populus nigra var. italica, Salix matsudana and Ginkgo biloba were the least effective. The average solar filtration under the tree canopy for P. tomentosa was 96.9%, with 3.1% canopy transmissivity. For S. matsudana the average solar filtration under the canopy was 61.0%, with transmissivity of 39.0%.
DI in different communities
The thermal comfort expressed as the Thom's discomfort index (DI), was calculated based on measured values of air temperature and relative humidity. In hot, and in particular hot-humid summer climate, the higher the DI values are, the greater the discomfort will be. Table 4 shows the measurements of discomfort index of different moments in different communities and control open site. If we match the DI values of each micro-environment with the scales of feeling of discomfort as shown in table 2 , and we can easily see that during most of daytime in the control open site, the value of DI reached the limits of the fifth category where almost everyone feels discomfort. In comparison, all of the tree communities can reduce the discomfort index in some degree, the dDI% was 2.5% to 4.3%, with a mean reduction of 3.4% (Figure 4 ). In the present research, there was no difference in the mean values of DI between the tree communities and control open site. However, there is a significant difference of dDI% in different tree species communities. The eight species could be separated into three groups according to their effectiveness of the percentage of discomfort reduction by post hoc Turkey HSD test at P < 0.01 K. paniculata and P. tomentosa were the most effective, whereas P. tabulaeformis and P. nigra var. italica were the least effective (Figure 4 
Microclimate variables and communities characteristics
To examine diurnal variations in the correlation between microclimate variables and tree communities canopy characteristics, correlation coefficient between microclimate factors and the indices of the tree communities canopy structures characteristics was calculated (Table 5) . Consequently, as shown in Table  5 , there was a negative correlation between the air temperature and relative humidity (R=-0.681, P=0.63). The air temperature under the different species of trees decreases with the increase of relative humidity. The correlation between air temperature and light intensity was negative and significant as predicted. It is thought that during the daytime all micro-environments were influenced by sunlight and that temperature increased at the same time. On the other hand, there were highly significant negative linear correlations between the air temperature and canopy cover ratio (R=-0.851，P=0.007), as well as LAI (R=-0.847，P=0.008). The tree communities which where shaded by the tree canopy thus keeping the air temperature lower. This significant filtration capability by canopy contributes to reduce more solar radiation, cooling the ground surfaces by promoting more latent heat, reducing air temperature by promoting more evapotranspiration and effectively improves outdoor thermal comfort in hot-humid climate in urban outdoor open spaces.
Conclusions
The results presented in this study clearly show that vegetation in the form of trees has a great potential of improving the microclimate and mitigate heat stress in a hot humid climate. There existed significant differences in the air temperature, relative humidity and light intensity between tree communities and the control open space. Compared with the control open space, the tree communities can reduce temperature by 1.6～2.5℃，increase the humidity with 2.9%～5.2%. The differences of DI among tree communities and CK are not significant, however, compared to the CK, all species communities are able to reduce the diurnal mean DI in some degree.
The tree community canopy structure characteristics (i.e., leaf area index and canopy coverage) proved to be important metrics, which have a clearly marked influence on the microclimate. The denser the tree canopy is, the lower the air temperature and the better the thermal comfort is during hot and humid summer conditions. In general, tree communities provide, under their canopy and surrounding, significant decrease in air temperature and improvements on thermal comfort principally during daytime as they provide overhead shading by attenuating the solar radiation.
All these conclusions provide evidence to support the importance of green space construction for improving the urban built environment. What's more, the selection of suitable tree species for the urban green spaces according to each species' cooling effect as well as its morphological and other characteristics will facilitate the adoption of planting schemes suitable for the peculiarities of the city.
